Abstract. We consider observational limits on a proposed model of the string landscape in inflation. In this scenario, effects from the decoherence of entangled quantum states in long-wavelength modes in the universe result in modifications to the Friedmann Equation and a corresponding modification to inflationary dynamics. Previous work [1, 2] suggested that such effects could provide an explanation for well-known anomalies in the Cosmic Microwave Background (CMB), such as the lack of power on large scales and the "cold spot" seen by both the WMAP and Planck satellites. In this paper, we compute limits on these entanglement effects from the Planck CMB data combined with the BICEP/Keck polarization measurement, and find no evidence for observable modulations to the power spectrum from landscape entanglement, and no sourcing of observable CMB anomalies. The originally proposed model with an exponential potential is ruled out to high significance. Assuming a Starobinsky-type R 2 inflation model, which is consistent with CMB constraints, data place a 2σ lower bound of b > 6.46 × 10 7 GeV on the Supersymmetry breaking scale associated with entanglement corrections.
Introduction
The so-called "landscape" of string theory [3] [4] [5] [6] [7] [8] [9] [10] remains an intriguing possibility. In the landscape picture, flux compactification results in a discrete collection of a large number of metastable vacua [3] , each of which contains independent values of fundamental constants such as the vacuum energy, particle couplings, and Supersymmetry (SUSY) breaking scale. Inflation within these distinct vacua results in a "multiverse" of independent universes, each separated from the other by distances large compared to the Hubble length in any one region. Models for inflation in the landscape are numerous [11] [12] [13] . Despite its appeal from the perspective of fundamental theory, meaningful observational test of the string landscape has remained elusive. Efforts to connect the landscape to observables range from Anthropic arguments [14] [15] [16] [17] [18] to the possibility of bubble collisions between different landscape vacua [19] [20] [21] [22] [23] [24] [25] [26] [27] , and potential trans-Planckian effects in inflation [28] [29] [30] [31] . Thus far, no solid evidence for the existence of the string landscape has been discovered.
One possible mechanism for finding observational effects of the landscape was proposed by Holman, Mersini-Houghton, and Takahashi [1, 2] . Using a mini-superspace approach, they constructed a model of the string landscape as a disordered lattice exhibiting Anderson localization [32, 33] . Localized wavepackets in different landscape vacua exhibit interference on super-Hubble length scales, resulting in nonlocal entanglement between different string vacua. Tracing over superhorizon modes [34] [35] [36] results in a locally modified Friedmann Equation
where the correction ∆E φ contains the effects of the traced-over superhorizon modes. Here M P ≡ m Pl / √ 8π = 2.4357 × 10 18 GeV is the reduced Planck mass, and we take a flat Friedmann-Robertson-walker metric
and H =ȧ/a is the Hubble parameter. This backreaction of long-wavelength modes on the local horizon can result in observable effects.
In this paper we compare the claimed predictions of this landscape entanglement model with recent Cosmic Microwave Background (CMB) data, in particular the Planck 2015 temperature and polarization spectra [37] [38] [39] , and the Bicep/Keck 2014 combined data [40] . The paper is organized as follows: Section 2 discusses the specific class of landscape models tested. Section 3 presents methodology and results. Section 4 presents a summary and conclusions.
Landscape Entanglement Effects in Single-Field Inflation
Our approach is phenomenological. To situate landscape entanglement effects in the context of a definite model, we consider single-field inflation, which is an excellent fit to current data [30, 41, 42] . We assume a scalar field φ with a canonical Lagrangian,
where the potential V (φ) is a model-dependent function: we consider two examples in this paper, first an exponential potential (Sec. 3.1),
and a potential motivated by Starobinsky R 2 inflation (Sec. 3.2),
3)
The energy density and pressure of a homogeneous scalar field are of the perfect fluid form, with
For a "slowly rolling" scalar field, (1/2)φ 2 V (φ), the field exhibits a vacuum-like equation of state, p −ρ, supporting accelerated expansion. The Friedmann equation for the field in the absence of entanglement modifications is
Entanglement corrections will then introduce a field-dependent modification to the potential,
Following [1, 2] , introducing entanglement corrections results in an effective potential of the form
where
Here m 2 = V (φ) is the scalar field mass, and b is a SUSY-breaking scale associated with the landscape effects, with these effects being suppressed in the limit of high scale, b 10 10 GeV. Once the underlying inflationary potential is specified, the entanglement corrections can be calculated as a function of the additional parameter b and can be compared with data. The entanglement correction (2.8) is in fact logarithmically divergent in the limit b → ∞, which is an artifact of the infrared cutoff on the entanglement scale (see Ref. [1] ). The correction should therefore be treated as an effective term, valid only for a limited range of scale. In practice, the logarithmic divergence does not effect constraints on the theory from data.
Previous work suggested a number of measurable effects from the presence of landscape entanglement corrections to the inflationary potential:
• Suppression of the power spectrum at large angular scales, consistent with the "Axis of Evil" [43, 44] observed in WMAP data at multipoles ≤ 10 [2] .
• Running of the scalar spectral index n S [2] .
• A suppression of fluctuations due to a discontinuity in the effective potential at a scale determined by the characteristic interference length of the landscape corrections, estimated to be at a wavenumber of k = 20h Mpc −1 , corresponding to a scale of around 200 Mpc at a redshift z ∼ 1 [2] . This would result in cosmic voids consistent with the observed "cold spot" in the WMAP data [45, 46] .
• Anomalous cosmic "bulk flow" [47] , which was suggested by analyses of the kinetic Sunyaev-Zeldovich effect in the WMAP data [48] [49] [50] [51] .
• A suppression of the matter power spectrum, resulting in a value about 20-30% below the value for a ΛCDM cosmological model.
In this paper, we apply recent CMB data from the Planck satellite and the BICEP/Keck telescopes to obtain limits on power-spectrum effects from landscape entanglement, in particular:
• Suppression of power at large angular scale.
• Running of the scalar spectral index.
• Features in the power spectrum consistent with the existence of anomalous structures such as the WMAP/Planck cold spot.
• Suppressed σ 8 relative to ΛCDM cosmology.
The latest data strongly constrain scale-dependent modulations of the power spectrum, and we find that the primordial power spectra, including entanglement corrections during inflation, are constrained to be extremely close to a corresponding best-fit ΛCDM cosmology. We find no evidence for observably large entanglement corrections in the Planck/BICEP/Keck primordial power spectra, and we obtain a strong lower-bound on the SUSY-breaking scale b for all models considered.
Methodology and Results
In this section, we describe the methodology used for constraining landscape entanglement effects on the power spectrum using CMB data. To enable a definite calculation, it is necessary to specify the underlying inflationary potential V (φ), since different potentials make different predictions for CMB observables [52, 53] . Single-field inflation predicts approximately power-law spectra P ζ for curvature perturbations, and P T for tensor perturbations on observable scales,
and
(See, e.g., Ref. [54] for a review. See also Refs. [55, 56] for a discussion of the general predictions of slow-roll inflation.) Both spectra are potential-dependent. It is conventional to describe the parameter space of inflationary observables by the scalar spectral index n S and tensor/scalar ratio r, defined as the ratio of the perturbation spectra evaluated at a pivot scale k = k * ,
Different choices of single-field potential can then be compared to constraints from CMB data plotted in the (n, r) plane. Figure 1 shows a few representative inflation models, compared with the constraints from the Planck 2015 TT/TE/EE+lowTEB temperature and polarization data [37] [38] [39] , and the Bicep/Keck 2014 combined polarization data [40] . The allowed contours are calculated numerically using a Markov Chain Monte Carlo method with the cosmomc software package [57] . For the fiducial best-fit inflation model, we vary the following background cosmological parameters, for a total fit to eight cosmological parameters 1 :
• Baryon density Ω b h 2 .
• Dark matter density Ω C h 2 .
• Angular scale of acoustic horizon θ.
• Reionization optical depth τ .
• Hubble parameter H 0 .
• Power spectrum normalization A s .
• Tensor/scalar ratio r.
• Scalar spectral index n S .
Curvature Ω k is set to zero, and the Dark Energy equation of state is fixed at w = −1. We fix the number of neutrino species at N ν = 3.046, with one massive neutrino with mass m ν = 0.06 eV. For these constraints, we run 8 parallel chains with Metropolis-Hastings sampling, and use a convergence criterion of the Gelman and Ruben R parameter of R − 1 < 0.1. The best-fit model from this set of parameters had a log likelihood of − ln(L) = 6794.396: best-fit parameters are listed in Appendix (A). Goodness of fit of models including entanglement Figure 1 . Planck + BKP limits on inflationary models in the parameter space of scalar spectral index n S and tensor/scalar ratio r, including the models considered in this paper. The pivot scale is taken to be k * = 0.05 h Mpc −1 .
corrections are computed relative to this fiducial model, which we label 'ΛCDM+r'. In Sec. (3.1), we consider the exponential model used in Ref. [2] . In Sec. (3.2), we consider entanglement corrections to a Starobinsky R 2 model.
Exponential Potential
We first consider the case of an exponential potential, which was the case considered in Ref. [2] . We take a base inflationary potential
Such a potential is useful because of its analytic simplicity, allowing for exact solutions to the equations for both background dynamics and perturbations. As such, it is a useful test case. However, it has a number of shortcomings from a theoretical perspective: such potentials are not generic to Supergravity (SUGRA) scenarios, although they can be realized in special cases (see for example Ref. [58] ). In addition the model lacks a graceful exit from inflation, and the unmodified potential is a poor fit to the Planck data due to overproduction of tensor perturbations. We include the model here for continuity with Refs. [1, 2] . The slow roll parameters are given by
The curvature power spectrum is then a pure power-law,
with
Since is exactly constant, inflation continues forever in the absence of any new physics at some field value, and we are therefore free to fix φ = 0 at the times when perturbations of wavelength k = k * = 0.002 h −1 MpC exited the horizon, with Planck normalization setting P * = 2.2 × 10 9 [38] . We can then write the power spectrum as a function of field value,
where the prime is a derivative with respect to the field φ, and φ (k) is defined as the field value at the time a wavenumber k exited the horizon during inflation. This is straightforward to calculate using
is the number of e-folds of expansion. Then
Inserting this expression into Eq. (3.9) gives an exact power-law,
(3.13)
Therefore the Planck normalization
gives a constraint on the scale V 0 of inflation,
For the Planck best-fit of 1 − n S = 0.04, this gives
Exponential potentials also predict substantial tensor production, with
The ratio r of tensor to scalar power spectra is then
For 1−n S = 0.04, this gives r = 0.32, which is far higher than the 2σ upper bound of r < 0.07 from Planck TT/TE/EE+lowTEB and BICEP/Keck. Therefore an unmodified exponential potential is inconsistent with CMB data. However, the possibility remains that entanglement corrections may lower the tensor/scalar ratio sufficiently to bring it into agreement with data. We consider a modification to the potential of the form (2.7,2.8), 2 19) where V (φ) is the original potential (3.4). In general, the modification f depends not only on V , but also on m 2 (φ) = V (φ). Here we approximate the field mass as constant, m 2 const. = V (φ 0 ), which is a good approximation as long as the field is slowly varying. Then we have
Then we have
which is a good approximation for f slowly varying. The field value as a function of wavenumber for the effective potential is then approximately
The power spectrum (3.9) can then be calculated as a function of wavenumber k by evaluating the effective potential (2.7) and its derivative at φ 0 (k) given by Eq. (3.22). We accomplish this numerically via a modified version of the CAMB software (Version: January 2015) [59] , with the standard power spectrum code replaced with a direct calculation using the effective potential parameters V 0 , λ, and b. We constrain these parameters using a Markov Chain Monte Carlo (MCMC) method, as described in Sec. 3, with the parameters n S and r replaced by V 0 , λ, and b, for a total fit to nine cosmological parameters. Sampling in the parameter in b is logarithmic: i.e., the parameter directly fit by the MCMC is log 10 (b). The tensor power spectrum is also calculated. 4 For each case, we run 16 parallel chains with Metropolis-Hastings sampling, and use a convergence criterion of the Gelman and Ruben R parameter of R − 1 < 0.15. Figure 2 shows constraints on the potential parameters V 0 , λ, and b. We obtain a lower-bound on the SUSY breaking scale b of b > 1.32 × 10 9 GeV. The overall fit of the model to the data is poor, with a best-fit log likelihood of − ln L = 6807.6640, compared with − ln L = 6794.396 for the ΛCDM+r model. Figure (3) shows the CMB angular power spectra for the ΛCDM+r model, and the best-fit exponential model. We conclude that the exponential potential, even with entanglement corrections, is inconsistent with data.
Starobinsky Potential
In this section, we consider a model which is in good agreement with existing data, and place limits on the magnitude of entanglement corrections. For this purpose, we choose the Starobinsky R 2 model [60, 61] . Despite its fundamental formulation as a modified-gravity theory, Starobinsky inflation can be re-cast in Einstein frame as an effective single-field inflation model, with potential .
where the mass scale µ is not a free parameter, but is fixed to be
Starobinsky-type inflation has been embedded into SUGRA scenarios in several recent works [62] [63] [64] [65] [66] , and also appears in Higgs inflation [67] . As in Section 3.1, we wish to calculate an analytic expression for φ (k) suitable for numerical calculation of the power spectra. In the case of the Starobinsky potential, this will be approximate instead of exact. The slow roll parameters (3.5), (3.6) are given by: The number of e-folds is
For φ/µ 1, the number of e-folds is then approximately
We then have a lowest-order approximation for φ (k), 29) where N * is the number of e-folds at the pivot scale k = k * . For this analysis, we take N * = 60, consistent with high-scale inflation and rapid reheating. 5 To leading order in N * , the scalar spectral index is 30) and the tensor/scalar ratio is
These values are consistent with constraints from Planck ( Fig. 1) . We incorporate the entanglement modifications as with the case of the exponential potential, 32) where the effective potential V eff is again derived from V (φ) by Eqs. (2.7) and (2.8).
Numerical evaluation of the full slow-roll expression shows, however, that Eqs. (3.29) and (3.32) are accurate only to within about 10%, insufficient for an accurate numerical evaluation of the power spectrum. We can improve the approximation iteratively as follows: exactly solving the integral (3.27) gives
where φ e is the field value at the end of inflation, where (φ e ) = 1, given by
The solution for φ (k) requires solution of a transcendental equation. We can approximate the solution by inserting the lowest-order solution φ 0 (k) into the linear term above, with the result 35) where φ (k) is given by Eq. (3.32), and φ 0 (k) is given by the lowest-order approximation (3.29) . 6 This approximation is accurate at the level of ∆φ/φ ∼ O(10 −4 ), relative to a numerical solution. Primordial power spectra are calculated, as in the case of the exponential potential, using a modified version of CAMB directly implementing Eq. (3.13) for the scalar power spectrum, and Eq. (3.17) for the tensor power spectrum. Figure (4) shows the resulting constraints for the Starobinsky potential in the parameter plane b, V 0 . We obtain a 2σ lower bound of b > 6.46 × 10 7 GeV. We check consistency by comparing the analytic approximation for P ζ (k) to an exact numerical integration of the slow roll parameters, and find agreement at the O(0.001) level for points within the 95% confidence allowed region for Planck, demonstrating the consistency of the analytic approximations used in CAMB. For comparison with data, we consider two models:
1. The best-fit Starobinsky model, with V 0 = 2.229236×10 −10 M 4 P and b = 6.99×10 8 GeV.
2. An "extremal" Starobinsky model, with V 0 = 2.229236 × 10 −10 M 4 P and b = 6.46 × 10 7 GeV, just at the 95%-confidence lower bound for the parameter b, leaving all other cosmological parameters fixed at their best-fit values. This is a poor fit to the data (see Fig. 8 ), and is included as a reference to the most extreme modulation which is even marginally consistent with data.
Figure (5) shows the entanglement modification ∆V /V to the potential for the best-fit and extremal models, and Figs. (6) and (7) show the corresponding power spectra and the modulation ∆P/P , respectively. In the best-fit case, the power spectrum modulation is negligible, ∆P/P 3 × 10 −5 . In the extremal case, the power spectrum is of order 7%. Of particular note is the absence of any features or running in the modulated power spectrum, even in the extremal case. Nor is there suppression of power at large scales: in fact, power is slightly enhanced at large scales. In particular, we see no evidence of power suppression near the quadrupole, no running of the spectral index, and no features in the power spectrum which would explain observed CMB anomalies such as the WMAP/Planck cold spot. Figure  (8) shows the CMB angular power spectra for the ΛCDM+r model, the best-fit Starobinsky model, and the extremal model.
Conclusions
The prospect of detecting signs of stringy physics or other quantum-gravitational phenomena in high-precision cosmological data remains a tantalizing one, and new precision cosmological data are approaching the required accuracy to test stringy modifications to cosmology. In this paper, we consider one such proposed modification, relying on quantum interference effects between Anderson-localized wavepackets in a "landscape" of approximately 10 500 distinct string vacua [1, 2, [32] [33] [34] [35] [36] . The authors claim a number of predictions for cosmology:
• Suppression of the power spectrum at large angular scales, consistent with the "axis of evil" [43, 44] observed in WMAP data at multipoles ≤ 10 [2].
• A suppression of fluctuations due to a discontinuity in the effective potential at a scale determined by the characteristic interference length of the landscape corrections, estimated to be at a wavenumber of k = 20h Mpc −1 , corresponding to a scale of around 200 Mpc at a redshift z ∼ 1 [2] . This would result in cosmic voids consistent with the observed "cold spot" in the WMAP and Planck data [45] . • Anomalous cosmic "bulk flow" [47] , which was suggested by analyses of the kinetic Sunyaev-Zeldovich effect in the WMAP data [48] [49] [50] [51] .
• A suppression of the matter power spectrum, resulting in σ 8 0.8, about 20-30% below a best-fit ΛCDM figure quoted by the authors of σ 8 = 1.1 [2] . (It is unclear where the high value for σ 8 was obtained, since the WMAP3 best-fit at the time was σ 8 = 0.76 ± 0.05 [68] .)
A decade after the model was first proposed, new data test almost all of these claims: Figure 6 . P (k) for the best-fit Starobinsky model (left), and the 2σ extremal model (right). Solid red curve is the power spectrum for the entanglement-modified potential for a numerical evaluation of φ (k), and the corresponding dotted black curve is the analytical approximation (3.35) . The blue curve is the unmodified power spectrum for a numerical evaluation of φ (k), and the corresponding dotted black curve is the analytical approximation. Note that in the top plot, the red curve is invisible because it is so close to the unmodified power spectrum. k is in units of h Mpc −1 . Figure 7 . ∆P (k)/P (k) for the best-fit Starobinsky model (left), and the 2σ extremal model (right). Solid red curve is the power spectrum for the entanglement-modified potential for a numerical evaluation of φ (k), and the corresponding dotted black curve is the analytical approximation (3.35) . k is in units of h Mpc −1 .
• The presence of the anomalous CMB "cold spot" seen by WMAP was confirmed by Planck [69, 70] , possibly associated with an anomalous void at redshift z = 0.22 [46] .
• Power suppression at the quadrupole remains in the Planck data, although the statistical significance of alignments among the lowest multipoles is debated [70, 71] .
• A matter power spectrum with σ 8 0.8 is favored by both the WMAP data and Planck data. The Planck best-fit ΛCDM cosmology, without entanglement corrections, has σ 8 = 0.830 ± 0.015 [38] .
• The presence of anomalously large bulk flow velocities has now been convincingly ruled out by a large number of independent measurements [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] . Current evidence strongly disfavors any model predicting large anomalous bulk flow.
In this paper, we use the Planck 2015 temperature/polarization data [37] [38] [39] , and the Bicep/Keck 2014 combined data [40] to test the following claimed predictions of the landscape entanglement model:
We consider two cases: (1) The exponential inflationary potential proposed in the original paper [2] , and (2) a Starobinsky R 2 inflation potential. Both models are compared to a fiducial ΛCDM + tensor model (ΛCDM+r) to quantify the relative likelihood of the model. Our conclusions are as follows:
• The exponential potential has three parameters: the height of the potential V 0 , the coupling λ, and the SUSY-breaking scale b. associated with entanglement. This model is entirely ruled out by the data, with a best-fit likelihood − ln (L) = 6807.6640, compared with − ln (L) = 6794.3960 for the ΛCDM+r model. This is primarily because of overproduction of tensor modes, with a best-fit tensor/scalar ratio of r = 0.130768, compared with a ΛCDM+r 95%-confidence upper bound of r < 0.06693180. There is no evidence for observable entanglement corrections to the primordial power spectrum, with a 95%-confidence lower-bound of b > 1.12 × 10 9 GeV, if the exponential potential is assumed as a prior.
• The Starobinsky R 2 potential has two parameters: the height of the potential V 0 , and the SUSY-breaking scale b. The best-fit Starobinsky R 2 model, including entanglement corrections, is a good fit to data, with a best-fit − ln (L) = 6792.9980. (Remarkably, even the unmodified Starobinsky potential gives a better fit to the data with fewer parameters than ΛCDM+r!) However, entanglement corrections are constrained to be unobservably small, with a 95%-confidence lower bound on the SUSY breaking scale of b > 6.46 × 10 7 GeV. With respect to tests of predictions:
-There is no suppression of power on large angular scales: power is in fact slightly enhanced on large scales. -Modulation of the power spectrum is nearly scale invariant, and no observable running of the spectral index is present. Running of the spectral index is of order α = −0.0006, consistent with an unmodified Starobinsky R 2 potential. -There are no features induced in the power spectrum, so entanglement corrections do not provide the modulation which would be required to explain the WMAP/Planck cold spot. -We find no evidence for suppression of σ 8 relative to the best-fit ΛCDM+r cosmology. The best-fit ΛCDM+r cosmology used in this paper has σ 8 = 0.8299, and the best-fit Starobinsky model, including entanglement corrections, has σ 8 = 0.8314, consistent with the Planck ΛCDM favored value σ 8 = 0.830 ± 0.015 [38] . The 2σ "extremal" Starobinsky model has σ 8 = 0.8439, which is actually enhanced rather than suppressed relative to ΛCDM.
are ruled out precisely because any observably large modulations of the primordial power spectrum will introduce substantial tension with the Planck data, relative to a pure power law [83, 84] . While it is undoubtedly possible to a posteriori engineer a modulated power spectrum which improves the fit to Planck (see, e.g. the interesting case presented in Ref. [85] ), such models will necessarily require multiple tuned parameters and it is therefore questionable in such a case if even a substantially improved fit can be considered favored from a Bayesian perspective. Table   This section contains a table of 
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